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by W a l t e r  M. O s b o r n  a n d  Roy D. Hager 
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SUMMARY 
An axial-flow fan rotor w a s  tested with four tip-annulus-area blockage configurations 
to  speeds as high as 0.8 of design speed. All  of the blockage configurations suppressed 
rotating stall and enabled the rotor to operate in a stable condition to much lower flows 
than the unblocked rotor. 
plicable for reducing fan rotor torque to ease engine starting requirements and also for 
reducing weight flow to control engine thrust. 
Blockage configurations tested in the present investigation were compared with out- 
let annulus -area blockage configurations previously investigated. The out let blockage 
configuration appears to be a good choice for a blockage device from the overall view- 
point of performance, ease of installation, and safety aspects (outlet blockage). The 
torque reductions obtained with the outlet configuration were not as great as for the 
other two basic configurations but may be adequate for reducing starting fan torque. 
Where torque reduction is the main consideration, the contoured inlet-outlet blockage 
configuration should be considered. The red-uctions of pressur e ratio and efficiency 
were greatest with the contoured inlet blockage configuration, which may limit its use- 
fulness. 
At low-flow-rate conditions, temperature measurements indicated the presence of 
backflows or eddy flows at  both the rotor inlet and outlet for all of the blockage configu- 
rations tested. At the maximum-efficiency point, the eddy flows at the rotor inlet dis- 
appeared for all of the blockage configurations, but rotor-outlet eddy flow persisted for 
two of the blockage configurations. 
The investigation indicated that a blockage device might be ap- 
INTRODUCTION 
The turbofan engine, with its division of inlet air into bypass air and core engine 
air, is well suited for the application of a flow blockage device in the fan bypass air 
duct. Such a blockage device may be used for reducing the engine starting torque re- 
quirements, for delaying or suppressing rotating stall in order to  reduce inlet-stage ro- 
tor blade stress,  for thrust control, and possibly for improving the acceleration char- 
acteristics of some engines. 
Three fan bypass ratios were simulated in the investigation of reference 1 by in- 
serting different tip-annulus-area blockage rings downstream of a fan-type rotor. In 
reference 2, two door positions of a blockage device were also simulated by using block- 
age rings. 
suppressed rotating stall, and maintained stable rotor operating conditions at much 
lower flow rates  than w a s  possible with the unblocked rotor. 
(blockage) successfully suppressed rotating stall and reduced blade vibratory s t ress  in 
the inlet-stage rotor. However, in the investigation of a 15-stage compressor (ref. 4), 
inlet tip baffles were not effective in reducing blade stresses.  
testing appears to be required for each compressor design in order to determine the ef- 
fectiveness of various blockage techniques. 
annulus-area blockage configurations in the suppression of rotating stall and to evaluate 
the effect of the blockage upon rotor torque, pressure ratio, efficiency, and weight flow. 
The rotor performances obtained with the blockage configurations used in this report 
and in reference 1 a r e  compared. 
nominal area blockages of 22 and 55 percent. 
. 
All  of these blockage configurations lowered the rotor torque requirements, 
. 
In the investigation of a 13-stage axial-flow compressor (ref. 3), inlet tip baffles 
Thus, experimental 
This investigation w a s  conducted to further determine the effectiveness of several 
The annulus-area blockages were chosen to give 
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SYMBOLS 
contoured blockage 
front blockage 
rotative speed, rpm 
equivalent design speed, N / f i ,  16 000 rpm 
rear  blockage 
total temperature (corrected to standard-day conditions) 
weight flow, kg/ sec (lbm/sec) 
ratio of rotor-inlet total pressure to standard pressure of 10. 13 N/cm (14.69 2 
psia) 
adiabatic temp eratur e-r ise efficiency 
2 
. . . . - . .. . . .  
8 ratio of rotor-inlet total temperature to standard temperature of 288.2 K (518. 7' R) 
APPARATUS AND PROCEDURE 
Test Facility 
A schematic of the test  facility is shown in figure 1. The facility is sized for a 
maximum flow rate of 45.4 kilograms per second (100 lbm/sec). The drive system con- 
sists of a 11 186-kilowatt (15 000-hp), 3600-rpm, electric motor with a variable- 
frequency speed control. The motor is coupled to a 5.02:l ratio speed increaser gear- 
box that drives the test rotor. For the present study, air entered the test facility at an 
inlet on the roof of the building and w a s  exhausted to a low-pressure (vacuum) exhaust 
system. 
Test Rotor 
The test rotor is shown in figure 2. The rotor had 47 blades, a nominal tip diam- 
eter of 50.8 centimeters (20 in. ), and a hub-tip radius ratio of 0. 5 at  the inlet. 
sign tip diffusion factor w a s  0.45. 
16 000 rpm, or an inlet tip speed of approximately 426 meters per second (1396 ft/sec). 
The rotor w a s  equipped with blade vibration dampers (fig. 2). Ten blades were instu- 
mented with strain gages in order to monitor the blade s t ress  during the investigation. 
A more detailed description of the test rotor and its performance is given in reference 5. 
The de- 
The equivalent design operating speed ND w a s  
Blockage Configurations 
Profiles of the blockage configurations tested a re  shown in figure 3.  The outlet 
blockage rings were the same rings that were used in the investigation of reference 1. 
The inner radii of the outlet blockage rings w e r e  chosen to block 22 or 55 percent of the 
flow, based upon the design flow streamlines. The same radii were used for the inlet 
blockage rings. For outlet blockage, the actual annulus-area blockages at the upstream 
edge of the annular block (close behind the rotor) corresponding to the nominal values 
(22 and 55 percent) w e r e  23.9 and 55.7 percent, respectively. For inlet blockage, the 
actual annulus-area blockages at the downstream edge of the annular block (just ahead 
of the rotor) corresponding to  the nominal values were 24.6 and 49. 5 percent. Herein- 
after the designation "area" or rrflow" in front of the blockage w i l l  be dropped, and the 
blockage configurations wi l l  simply be referred to as blockage preceded by their nominal 
3 
values. Also, the letters "F" for front and "R" for rear wi l l  be substituted for inlet 
and outlet, respectively, with the letter "Ctt indicating that the front blockage is con- 
toured into the casing at the inlet. Thus, the blockage configuration shown in figure 3(a) 
is referred to as 22(CF-R). The configurations shown in figures 3(b) to  (d) are referred 
to as 55(CF-R), 55(CF), and 55(F-R), respectively. 
Instrumentation 
The instrumentation is nearly the same as that used in the investigation of refer- 
ence 5 for determining the overall and blade-element performance of the rotor. The 
axial locations of the inlet and outlet survey instrumentation a r e  shown in figure 3. At 
the rotor outlet, two combination probes (ref. 6) were used to measure total pressure, 
total temperature, and flow angle. Static pressure w a s  measured by two '7i0 wedge 
probes. At the rotor inlet, one wedge probe and one combination probe were used. One 
inner-wall and one outer-wall static pressure tap were located a t  each of the survey 
planes. A hot-film probe w a s  located at the inlet survey plane for use in determining 
stall. 
Strain-gage-type transducers were used in measuring pressures. Iron-constantan 
thermocouples were used in conjunction with a constant-temperature oven to determine 
temperature. 
Rotor speed was  measured by using a magnetic pickup in conjunction with a gear mounted 
on the drive-motor shaft. All data were processed by an automatic digital potentiometer 
and recorded on paper tape. 
Flow through the compressor w a s  determined from a thin-plate orifice. 
Test Procedure 
In all tests atmospheric air entered at the rotor inlet, with the inlet flow control 
valve in the fully open position throughout the tests. Vacuum exhaust w a s  used at the 
rotor outlet to help overcome the system losses. 
For the unblocked rotor (ref. 5), test data were taken over a range of weight flows 
from maximum flow to stall conditions. For each weight flow, measurements were re-  
corded at 11 radial positions. The data were obtained at 40, 50, 60, 70, 80, 90, and 
100 percent of equivalent design speed. The stall points were established by increasing 
the backpressure (by closing the outlet flow-control valve) on the test rotor until a rapid 
fluctuation w a s  noted in the signal from a hot-film probe located at the rotor inlet. Also 
fluctuations in compressor discharge pressure and blade s t ress  were observed when 
stall was encountered. When the stalled conditions were noted, the discharge throttle 
w a s  immediately opened. 
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The weight flow w a s  then set  to within 0. 5 kilogram per 
, 
second (1 .1  lbm/sec) of the weight flow at which stall occurred in order to obtain the 
performance near stall. 
For the partially blocked rotor, test data were taken over a range of weight flows 
from the maximum flow with the outlet flow control valve fully open to the minimum flow 
obtainable. The minimum flow resulted from air leakage through the fully closed out- 
let flow-control valve. The blocked rotor w a s  tested over a range of speeds from 0.3 to 
0.7 ND except for one configuration, which w a s  tested to 0.8 ND. 
Performance Calculation Procedure 
The data presented herein have been corrected to standard-day conditions at the 
plenum. The inlet flow angle w a s  assumed to be zero degrees. The overall perform- 
ance w a s  obtained from mass-averaged survey data at the rotor-outlet and -inlet plenum 
values of pressure and temperature. Calculation details a re  given in reference 5. Inlet 
radial surveys of temperature and pressure were also taken 2.54 centimeters (1 in. ) 
upstream oL' the blade-tip leading edge. The rotor torque w a s  calculated from the equiv- 
alent weight flow, the rotational speed of the rotor, and the inlet plenum and outlet total 
temperatures. 
RESULTS . A N D  DISCUSSION 
The results of this investigation a re  presented in three main sections: (1) rotor 
performance without blockage, (2) rotor performance with blockage, and (3) comparison 
of blocked and unblocked configurations including data obtained from reference 1. 
Rotor P erf or manc e without Blockage 
The rotor performance without blockage w a s  obtained from reference 1 and is re- 
peated herein for convenience in making comparisons with the blocked rotor perform- 
ance. 
tio, efficiency, and torque as functions of equivalent weight flow for various fractions of 
design speed (ND = 16 000 rpm) from 0.4 to 1.0. A t  design speed, a maximum effici- 
ency of 0.846 w a s  obtained at a pressure ratio of 1. 80 and an equivalent weight flow of 
28.8 kilograms per second (63.4 lbm/sec). 
Hot- 
film probe surveys at the rotor inlet indicated the existence of rotating stall over the 
short-dashed portions of the performance curves. At the lowest weight-flow points (end 
The unblocked rotor performance i s  shown in figure 4 as curves of pressure ra- 
Rotor performance in the stall flow regime w a s  explored at 0.4 to 0. 7 ND. 
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points) for all of the performance curves at rotational speeds from 0.4 to 0. 7 ND, ro- 
tating stall disappeared and changed to  ring stall. Rotor operation was stable at these 
end points, and there was  a slight recovery in pressure ratio. But the efficiency w a s  
low (30.46). 
Rotor Performance with Blockage 
Rotor pressure ratio, efficiency, torque, and temperature ratio are presented as 
functions of equivalent weight flow for several speeds in figures 5 to 8 for blockage con- 
figurations 22(CF-R), 55(CF), 55(CF-R), and 55(F-R), respectively. In general, the 
performance parameters were reduced from those of the unblocked rotor, except for the 
ability of the blocked rotor to operate in a stable condition to much lower flows. The 
minimum-flow operating points for the blocked rotor were not stall limit points but r e -  
sulted from flow leakage past the closed outlet flow-control valve with the facility alti- 
tude exhaust system in use. No evidence of rotating stall w a s  detected by hot-film 
probe surveys at the inlet to the rotor even at the minimum-flow points. The pressure 
ratio at any particular speed was relatively constant over a large flow range but lessened 
as maximum flow was  approached. The maximum efficiencies for blockages 22(CF-R) 
and 55(CF-R) were between 0.63 and 0.74 for the speeds investigated. The maximum 
efficiencies for blockage 55(CF) were lower, between 0. 51 and 0. 53. Only limited data 
were taken for blockage 55(F-R), 'figure 8, for comparison with blockage 55(CF-R) in 
order to estimate the effect of removing the contoured inlet ring. A loss of approxi- 
mately 5 percentage points in maximum efficiency resulted. Low efficiencies were evi- 
denced at the minimum-flow points even though no rotating stall patterns were indicated 
at the rotor inlet. 
The rotor-inlet and -outlet temperature distributions for 0.7 ND are  shown in fig- 
ures 9 to 11 for the minimum-flow points (parts (a)) and for the maximum-efficiency 
points (parts (b)) for blockage configurations 22(CF-R), 55(CF), and 55(CF-R), respec- 
tively. 
rotor inlet near the blade hub w a s  greater than standard-day temperature and increased 
toward the blade tip. The temperature at the rotor outlet also increased from the blade 
hub toward the tip for the three blockage configurations. The test results for the un- 
blocked rotor at a similar operating point (ref. 5) indicated a constant inlet temperature 
at standard-day conditions and an outlet temperature that decreased slightly from the 
rotor hub to the tip. Thus, at the minimum-flow point it appears that reverse or eddy 
flows are indicated in the outer portions of the blade at both the rotor inlet and outlet for 
all three blockage configurations. 
For the minimum-flow points (figs. 9(a), lO(a), and ll(a)), the temperature at  the 
6 
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For the maximum-efficiency points (figs. 9(b), lO(b), and ll(b)), the inlet tempera- 
ture w a s  nearly constant and equal to standard-day conditions. 
increased from the blade hub toward the tip for blockage configurations 22(CF-R) and 
55(CF) but decreased slightly for blockage configuration 55(CF-R). The test results for 
the unblocked rotor at a similar operating point (ref. 5) indicated a constant inlet tem- 
perature at standard-day conditions and an outlet temperature that was approximately 
constant. 
rations. 
for the 22(CF-R) and 55(CF) blockage configurations but not for the 55(CF-R) configura- 
tion. 
the blade damptsrs, and any eddy flow w a s  probably confined to the region between the 
blade damper and the blade tip, with little or no mixing with the main stream. This may 
account for the higher efficiency of this blockage configuration, and it may not be repre- 
sentative for rotors without blade vibration dampers or  with dampers at a radius differ- 
ent from the inner radius of the blockage. 
The outlet temperature 
Thus, no eddy flows a r e  indicated at the inlet for the three blockage configu- 
Eddy flows at the rotor outlet in the outer portions of the blades a r e  indicated 
For this configuration (fig. ll), the inner radius of the blockage w a s  in line with 
Comparison of Unblocked and Blocked Rotor Configurations 
The performance parameters may be compared for the blockage configurations by 
selecting operating points for each of the configurations. The operating points to  be 
used in this comparison section were determined by the method presented in reference 1. 
The maximum-efficiency point of the unblocked rotor w a s  used as a reference point. 
The ratio of the flow rate  at the maximum-efficiency point to the maximum flow rate w a s  
obtained for the unblocked rotor. 
figurations were multiplied by this flow ratio for the unblocked rotor to obtain each of 
their operating points. Data presented in this section for blockages 22(R), 55(R), and 
75(R) were obtained from reference 1. 
Pressure ratio, efficiency, and torque as functions of weight flow at 0. 7 ND for 
blockages 55(CF-R), 55(CF), and 55(R) and for the unblocked rotor a re  shown in fig- 
ure 12. 
shows that the blocked rotor can operate in a stable condition to much lower flows than 
the unblocked rotor. The calculated operation points for the blocked configurations a r e  
shown by solid symbols, as is the maximum-efficiency reference point of the unblocked 
rotor. Reductions in weight flow, pressure ratio, efficiency, and torque resulted at the 
operating points of the blocked rotor as compared to the unblocked rotor. 
operating points may be calculated for the other blockage configurations. 
Pressure ratio, efficiency, torque, and weight flow as functions of the percentage 
of flow blockage at 0. 7 ND and 0. 5 ND are shown in figure 13 for all of the blockage 
configurations tested in both this investigation and the investigation of reference 1. 
I 7 
The maximum flow rates  of the various blocked con- 
The stall limit line for the unblocked rotor is also presented in figure 12(a) and 
Similar 
The 
points shown are the performance of the blocked rotor at the calculated operating points 
referenced to the unblocked maximum-efficiency point. 
operating points for only 0.7 ND; however, the trends a r e  similar for 0.5 ND (solid 
symbols). Only for the R blockage configuration were  data obtained with blockages of 
22, 55, and 75 percent. A dashed estimated curve is shown for CF blockage between 
0 and 55 percent of total flow as this configuration w a s  not tested with 22 percent block- 
age. Also, for the CF-R configuration, the efficiency (fig. 13(b)) is shown as a dashed 
curve between 22 and 55 percent blockage. (The efficiency at 55 percent blockage may 
not be representative, as pointed out in an earlier section, because of the blade dampers 
being at the same radius as the inner radius of the blockage. ) Curves a r e  not drawn 
through the weight flow data shown in figure 13(d), but instead the data a r e  shown in re -  
lation to a dashed line representing a 1:l ratio (i. e.,  55 percent blockage results in 
55 percent reduction in weight flow). From figure 13, the effects of blockage on rotor 
performance may be estimated for blockages other than those used in this investigation 
and the investigation of reference 1. 
The reductions in torque and weight flow and the losses in pressure ratio and effi- 
ciency at the calculated operating points a r e  given in table I for all of the blockage con- 
figurations tested. 
Reductions in torque of between 27 and 55 percent were obtained with the various 
blockage configurations except for configuration 22(R), which had a reduction of only 
19 percent. Such torque reductions could be used to ease engine starting requirements. 
Between 0 and 55 percent blockage, the CF-R configuration gave the greatest torque re -  
duction and the R configuration gave the least reduction. 
Curves a r e  drawn through the 
The reductions in weight flow ranged from 15 to 72 percent for the various block- 
ages. 
imately equal to the nominal percentage of blockage. The results presented in refer- 
ence 2 indicated that stable rotor operation could be maintained while blockage doors 
were moved through an a r c  of 0' to 90'. 
obtained by blocking the fan bypass air might be used as a method of controlling thrust 
while maintaining high engine speed. Between 0 and 55 percent blockage, the largest 
weight-flow reductions were obtained with the CF-R and R blockage configurations (about 
equal); the C F  blockage configuration gave the least reduction. 
The reductions in pressure ratio associated with the various blockage configurations 
were between 5 and 15 percent. 
the C F  configuration, the greatest reduction. 
points, with the CF configuration giving the greatest loss. The lowest efficiency loss 
(21 points) w a s  obtained with the 55(CF-R) configuration. However, this low loss could 
well be the result of the blade dampers being in line with the blockage contours and may 
not be representative for other rotors. 
For the CF-R configuration, the percentage of weight flow reduction w a s  approx- 
Thus, the weight flow reductions that could be 
The R configuration gave the smallest reduction; and 
The reductions in efficiency due to the blockages were between 2 1  and 52 percentage 
8 
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CONCLUDING REMARKS 
age doors. 
factors other than performance, such as the ease of installation and safety aspects. 
Rear blockage would be the best choice for a blockage configuration, considering these 
aspects. From the standpoint of performance, the rear  blockage configuration as com- 
pared with the other two configurations (CF-R and CF) is good for maintaining pressure 
ratio and efficiency and for reducing weight flow. Its torque reduction is not as large as 
that obtained with the other two configurations. However, reductions of 34 percent with 
55 percent blockage and 49 percent with 75 percent blockage may be adequate for reduc- 
The choice of a blockage configuration to obtain these benefits may be influenced by 
I 9 
, 
ing starting torque requirements. Thus, it appears that the r e a r  blockage configuration 
would be the best overall choice for a blockage device. 
If torque reduction is the prime consideration, the CF-R configuration should be 
considered. This configuration is also good for reducing weight flow and maintaining 
pressure ratio and efficiency. But it requires a more complicated installation than the 
other two configurations. The CF configuration appears to be the least desirable con- 
figuration as it has the largest reduction of pressure ratio and efficiency. Both the 
CF-R and CF blockage configurations also have a potential safety hazard in that blockage 
is located upstream of the fan. 
The stable rotor operation at low flows obtained with the 22(CF-R) blockage config- 
uration suggests the possibility of using the CF-R configuration with a very low percent- 
age of blockage (<5 percent) s o  that the rotor tip would be operating in a shallow groove. 
Such blockage, in this case perhaps more appropriately called "rotor tip treatment, 1 1  
might result in increased flow range and stall margin with little loss in overall per- 
formance. 
II 
1 
SUMMARY OF RESULTS 
An inlet-stage, axial-flow fan rotor was  tested with tip-annulus-area blockage to 
speeds as high as 0.8 of design speed. The blockage data obtained may be applicable 
to many present-day fan engines. At 0.7 of design speed (298 m/sec (977 ft/sec) tip 
speed), the peak efficiency of the unblocked test rotor w a s  0.896 with a pressure ratio 
of 1.306. 
55 percent blockage. The blockages suppressed rotating stall and enabled the rotor to 
be operated in a stable condition to much lower flows than the unblocked rotor. 
vestigation indicated that a blockage device might be applicable for reducing fan torque 
to ease engine starting requirements and for reducing weight flow to control engine 
thrust. 
The following results were obtained with blockage, at 0 .7  of design speed: 
1. Based on calculated operating points referenced to the unblocked rotor's 
Four blockage configurations were tested one with 22 percent and three with 
The in- 
maximum-efficiency point, blockage configuration 22(CF-R) resulted in reductions in 
torque (41 percent), weight flow (22 percent), pressure ratio (11 percent), and effici- 
ency (30 percentage points). Corresponding reductions for the 55(CF-R) blockage con- 
figuration a r e  55, 54, 5, and 21. Similarly, blockage configuration 55(CF) gave reduc- 
tions of 42, 45, 14, and 52. 
2. The maximum efficiency obtained with a blunt upstream blockage configuration 
(55(F-R)) w a s  5 percentage points lower than that obtained when the upstream blockage 
was contoured into the outer casing (55(CF-R)). 
10 
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3.  At low flow rates, eddy flows or backflows are  indicated at both the rotor inlet 
and outlet for all of the blockage configurations. At the maximum-efficiency point, the 
eddy flows at the inlet disappeared for all of the blockage configurations. Eddy flow at 
the outlet disappeared for the 55(CF-R) blockage configuration but not for the 22(CF-R) 
and 55(CF) blockage configurations. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, October 1, 1975, 
505-04. 
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TABLE I. - EFFECT OF BLOCKAGE ON ROTOR PERFORMANCE 
AT 0 . 7  EQUIVALENT DESIGN SPEED 
[Based on calculated operating points for  blocked rotor referenced 
to  maximum-efficiency point (7 = 0. 896) of unblocked rotor.] 
Blockage config- 
uration 
22 (C F) estimated 
22(R) 
55(CF) 
55(R) 
7 5 w  
2 2 (CR- R) 
55(CF-R) 
Reduc t i 01 
in pres -  
su re  ra t i  
percent 
15 
11 
7 
14 
5 
5 
7 
_ _  ~ 
Reduction 
in effi- 
ciency, 
percentage 
points 
33 
30 
24 
52 
21 
41 
50 
Reduction 
in weight 
flow, 
percent 
15 
22 
15 
45 
54 
56 
72 
Rerluc t i  on 
in torque, 
percent 
27 
41 
19 
42 
55 
34 
49 
12 
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Figure 1. -Test facility. 
Figure 2. - M. 8-Centimeter (20-in.) axial-flow fan rotor. 
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Figure 1. -Meridional view of axial-flow rotor shaving blockage configurations. 
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Figure 4. - Rotor performance without blockage. 
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Figure 5. - Rotor performance for 221CF-RJ blockage configuration. 
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Figure 1. - Rotor performance for 55tCF-R) configuration. 
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Figure 8. - Rotor performance for 55(F-R) blockage configuration. 
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Figure 10. - Inlet and outlet total temperature profiles for rotor wi th 55KF) blockage configuration. Speed, 
0.7 of de$ign speed. 
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Figure 11. - Inlet and outlet total temperature profiles for rotor with 55(CF-R) blockage configuration, Speed, 
0.7 of design speed. 
23 
111 I I 
I I I 
I 
I 
1 1  
1. I 
1.1 
0 .- 
L e 1.5 
22 
t 
e 
VI 
0. 5 1.2 
1.1 
1. a 
Configuration - 
0 Unblocked 
0 55 (CF-R) 
A 55 (CF) 
V 55(Rl, ref. 1 
Solid symbols denote 
calculated operating 
pints and unblocked 
- roto1 design p o i n t  
- 
'r Un blocked 4 stall 
1 limit line 
/ 
/ 
/ 
Y 
Maximum- 
efficiency 
point 
"r Unblocked / stall 
limit line-., / 
I 
/ 
lW t 
0 L 
Equivalent weight flow, W\/e/6. @\set. 
0 10 20 50 
Equivalent weight flow, Wfi/6, lbmlsec 
(c) Torque as function of weight flow. 
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